A high proportion of b-cells die within days of islet transplantation. Reports suggest that induction of hypoxiainducible factor-1a (HIF-1a) predicts adverse transplant outcomes. We hypothesized that this was a compensatory response and that HIF-1a protects b-cells during transplantation. Transplants were performed using human islets or murine b-cell-specific HIF-1a-null (b-HIF-1a-null) islets with or without treatment with deferoxamine (DFO) to increase HIF-1a. b-HIF-1a-null transplants had poor outcomes, demonstrating that lack of HIF-1a impaired transplant efficiency. Increasing HIF-1a improved outcomes for mouse and human islets. No effect was seen in b-HIF-1a-null islets. The mechanism was decreased apoptosis, resulting in increased b-cell mass posttransplantation. These findings show that HIF-1a is a protective factor and is required for successful islet transplant outcomes. Iron chelation with DFO markedly improved transplant success in a HIF-1a-dependent manner, thus demonstrating the mechanism of action. DFO, approved for human use, may have a therapeutic role in the setting of human islet transplantation.
INTRODUCTION
Islet transplantation has the potential to cure type 1 diabetes (47). However, its use as a therapy for type 1 diabetes is limited by relatively poor outcomes for the number of islets transplanted (42, 44, 48) . This is in contrast to results for whole-pancreas transplantation (43, 49) . In islet transplant recipients who do achieve insulin independence, a gradual return to requiring insulin therapy is common (11, 42, 48) and occurs more frequently than it does in whole-pancreas recipients.
Many factors influence the outcome of islet transplantation, including donor characteristics and availability, enzyme type and quality, pancreas procurement, preservation, cold ischemia time, the isolation process itself, and islet gene expression patterns (7, 8, 10, 34, (40) (41) (42) . Isolation and purification inevitably devascularize the islets, inducing hypoxia that has a negative impact on b-cell survival and function (5, 9) . This may contribute to smaller islets performing well in transplantation (23, 26, 55) . After isolation, islets deteriorate within 24-48 h (20). Short-term islet cell death occurs due to nutrient deprivation, metabolic changes, proinflammatory molecules released by islets and acinar tissue, harmful enzymes released by residual acinar tissue, physical islet fragmentation, and recurrent immune attack (6, 12, 42, 43) .
Hypoxia is deleterious for cell function, and all multicellular organisms have homeostatic mechanisms to preserve function in the face of decreasing oxygen tension (15, 46) . In mammals, this includes the hypoxia-inducible factors (HIFs) including HIF-1a. HIF-1a is a transcription factor, and together with its heterodimeric partner ARNT (aryl hydrocarbon receptor nuclear translocator), HIF-1a forms the active HIF-1 transcription factor (15, 45) . HIF-1 regulates responses to hypoxia (45) and is known to increase cell survival following hypoxic challenge (3, 45, 53) . In other tissues, HIF-1a increases vascular endothelial growth factor (VEGF) (24) and antiapoptotic genes B-cell lymphoma 2 (BCL-2) and B-cell lymphoma-extra large (BCL-xL), while it decreases proapoptotic genes BCL-2 associated X protein (BAX) and BCL2-antagonist/killer 1 (BAK). We recently reported that HIF-1a upregulates beneficial genes in b-cells including glucose transporter 2 (GLUT2) and glucokinase (GCK) (5).
In the basal state, HIF-1a is rapidly proteolyzed. It undergoes hydroxylation on prolyl, and asparagine residues followed by ubiquitination and proteolysis (28) . Hydroxylation is dependent on oxygen and iron; thus, hypoxia or iron deprivation stabilizes HIF-1a and protein level increase, as shown in Figure 1A . As well as hypoxia, genetic inactivation of vHL (von Hippel-Lindau protein) or the prolyl hydroxylases, treatment with heavy metals such as cobalt chloride, and iron chelation with deferoxamine (DFO) also increase HIF-1a protein levels (22, 52) .
There is an early ischemic period immediately following islet transplantation, leading to increased apoptotic b-cell death (54). HIF-1a plays an important cell survival role in hypoxic settings, and islet transplantation creates such an environment. So it is perhaps surprising that a number of studies have reported that increased HIF-1a is associated with poor transplant outcome (27, 30, 32) . However, we hypothesized that high levels of HIF-1a may be correlated with poor outcome in these reports because the induction of HIF-1a was a marker of antecedent islet stress, which itself caused poor outcomes.
Thus, we hypothesized, firstly, that HIF-1a is a beneficial factor in islet transplantation, which is required for successful islet transplantation and, secondly, that increasing HIF-1a in a nontoxic manner would improve islet transplant outcomes. These hypotheses were tested using islets from mice lacking b-cell HIF-1a (b-HIF-1anull mice) and human islets.
Transplant outcomes were poor for recipients of b-HIF-1a-null islets. Increasing HIF-1a via iron chelation with DFO improved transplant outcomes for both murine and human islets. This improvement was not seen in b-cells lacking HIF-1a, demonstrating that HIF-1a was required for the effect. DFO treatment led to improvement in outcomes for both minimal mass and adequate mass transplant models of human islets. DFO decreased apoptosis 24 h posttransplant and was associated with improved glucose control over the month after transplantation. At 28 days, b-cell mass was greater in the DFO-treated groups. These results show that HIF-1a is not harmful but is in fact beneficial for islet transplant outcomes, that DFO improves outcomes of human islet transplants, and that the mechanism of benefit requires HIF-1a. DFO is approved for human use, and it may have a role in clinical islet transplantation.
MATERIALS AND METHODS
Human studies were approved by the St. Vincent's Hospital Ethics Committee, and animal studies were approved by the Garvan Institute Animal Ethics Committee. Human pancreatic islets were purified using the modified Ricordi method (36, 41) .
Animals
Donor b-cell-specific HIF-1a knockout mice (b-HIF-1a-null) were generated using the Cre-lox system. Mice with floxed HIF-1a alleles were bred with mice expressing Cre-recombinase under the control of the rat insulin promoter (RIP-Cre mice) to generate floxed controls or b-HIF-1a-null mice on the C57Bl/6 background (50). Recipient mice were either female C57Bl/6 (mouse transplants) or severe combined immunodeficiency (SCID, human transplants) mice of ages 8-12 weeks. SCID mice were obtained from the Animal Resource Centre (Canning Vale, WA). C57Bl/6 mice were obtained from the Animal Bioresources facility (Moss Vale, NSW).
Diabetes Induction
C57Bl/6 recipient mice were rendered diabetic with intraperitoneal injection of streptozotocin (STZ; Sigma-Aldrich) in 10 mM citrate buffer, at a dose of 200 mg/kg. Diabetes was induced in SCID mice by intravenous alloxan tetrahydrate (Sigma-Aldrich) at 75 mg/kg. Diabetes was defined as blood glucose levels ³20.0 mmol/L/ 360 mg/dl for 2 or more consecutive days before transplantation. All mice that were not diabetic at study end had grafts removed to confirm diabetes recurrence and exclude the possibility of b-cell regeneration.
Mouse Islet Isolation, Hypoxia, and DFO Treatment
Islets from b-HIF-1a-null or control mice were isolated and purified as previously reported (5, 16) . Islets were counted and then cultured with or without DFO (125 µM; Sigma-Aldrich) in Roswell Park Memorial Institute medium (RPMI; Invitrogen), at a density of 200-250 islets per well for 2 h. Where stated, islets were placed in a hypoxic chamber and exposed to 5% oxygen for 2 h prior to preparation for transplantation. Mouse islets were transplanted within 6 h of isolation.
Mouse and Human Islet Transplantation and DFO Culture/Injection
A marginal islet mass (islets from one donor transplanted into one recipient) was transplanted from donor mice with b-cell-specific deletion of HIF-1a (b-HIF-1a-null) or their floxed littermate controls. The minimal Figure 1 . b-Cell hypoxia-inducible factor-1a (HIF-1a) is necessary for optimal islet transplant outcomes. (A) HIF-1a is rapidly degraded under normoxic conditions. In the presence of oxygen, iron, and 2-oxo-glutarate, it is hydroxylated, associates with von Hippel-Lindau protein (VHL), and is ubiquitinated (Ub) and proteolyzed. In the absence of VHL protein or in the setting of decreased oxygen or decreased iron, HIF-1a proteolysis is inhibited, and the protein partners with aryl hydrocarbon receptor nuclear translocator (ARNT) regulate transcription. DFO, deferoxamine; HRE, hypoxia response element. (B) b-Cell area did not differ between b-HIF-1a and floxed-control (FC) mice (n = 6). (C) b-HIF-1a-null islet transplant recipients had higher random-fed glucose values than floxedcontrol islet recipients (n = 6). (D) Recipients of floxed-control islet transplants exhibited similar glucose tolerance to the FC donors (n = 6). (E) b-HIF-1a-null islet transplant recipients had severely impaired glucose tolerance compared to the glucose tolerance of the b-HIF-1a donors (n = 6). Error bars indicate ±SEM. ***p < 0.001. mass transplant model was chosen to mimic the human situation and to allow comparison of donor and recipient glucose tolerance tests (GTTs).
Human islets were cultured overnight in either control media or media supplemented with DFO (125 µM) and transplanted into SCID recipients. Human islet transplant groups were (1) supraphysiological mass transplant of 2,000 control cultured islet equivalents (IEQ); (2) minimal mass transplant of 600 IEQ; or (3) 600 IEQ of islets cultured in DFO overnight (125 µM). For the adequate mass experiment, the transplant groups were (1) 2,000 control IEQ; (2) 2,000 IEQ of islets cultured in DFO overnight; or (3) 2,000 IEQ of islets cultured in DFO plus DFO injections (125 nM/g mouse weight) of recipient mice on days 0, 2, and 4 posttransplant. For each human donor, at least one of each of the three transplant groups was performed to avoid the important confounder of interdonor variability. Islets were transplanted beneath the left kidney capsule under isoflurane anesthesia and oxygen and dispersed in a standardized manner.
Graft function was determined by monitoring randomfed blood glucose levels up to 28 days. Left nephrectomy was performed on day 28 to confirm diabetes reoccurrence. Any mouse that was not frankly diabetic by 48 h postnephrectomy (blood glucose levels ³20.0 mmol/L for two or more readings) was excluded.
Glucose Tolerance Test (GTT)
Glucose tolerance test (GTT) was performed on the recipient mice on day 25 posttransplant as previously reported (5, 16) . Mice were fasted overnight. An intraperitoneal injection of 20% dextrose (Sigma-Aldrich) was administered at a dose of 2 g/kg. Blood samples were taken at the times indicated.
ATP Content
ATP was measured following the indicated oxygen exposure using the Roche Bioluminescence kit according to the manufacturer's instructions. Results were corrected for total protein.
Glucose Oxidation
Glucose oxidation was measured by assessing the formation of 14 CO 2 from the metabolism of U-[ 14 C]glucose (Perkin Elmer) as previously reported (14, 19) .
Human Islets and Interleukin 1b (IL-1b) Culture
Islets were cultured with IL-1b (200 U/ml; R&D Systems, USA) for 2 h, and gene expression was measured by real-time PCR as previously reported (5).
Mouse Primers were as follows: Glut1, acctatggccaaggacacac and ctggtctcaggcaaggaaag; Glut2, cat gctgagctctgctgaag and acagtccaacggatccactc; insulin receptor substrate 2 (Irs2), gtagttcaggtcgcctctgc and ttg ggaccaccactcctaag; pancreatic and duodenal homeobox 1 (Pdx1), gaaatccaccaaagctcacg and ttcaacatcactgcca gctc; phosphofructokinase (Pfk), atggcaaagctatcggtgtc and acacagtcccatttggcttc; Bak, cgctacgacacagagttcca and ggtagacgtacagggccaga; Bax, tgcagaggatgattgctgac and gatcagctcgggcactttag; Bcl2, tctgaaggattgatggcaga and catcagccacgcctaaaagt; Bclxl, ccattgctaccaggagaacc and aggagctggtttaggggaaa.
Human primers were as follows: GLUT1, agcct gcaaactcactgctc and cctaccctcaatccacaagc; GLUT2, ggccattactaacacgcattg and agcaccctgctaagcttttg; IRS2, cagtgttttccttttgggtacg and tggctattaaggagggcatc; v-akt murine thymoma viral oncogene homolog 2 (AKT2), acacctctgggtgtttggag and gaggagaaaggccagtaggg; PFK, ttgactgcaggaagaacgtg and gcacacaaatggaatcatcg.
Immunohistochemistry
Kidney grafts were collected and fixed in 10% (phosphate-buffered) formalin. Specimens were paraffinembedded and 5-mm sections were cut. Antibodies for immunohistochemistry were rabbit anti-insulin (Cell Signaling, Danvers, MA), mouse anti-cluster of differentiation 31 (CD31; Zymed, San Francisco, CA), and anti-mouse and anti-rabbit secondary antibodies (DAKO, Carpinteria, CA). Sections were stained using a DAKO autostainer and detected with a peroxidase substrate containing 3,3-diaminobenzidine (brown) and counterstained with hematoxylin. For CD31 staining, tyramide signal amplification (TSA; DAKO) was used. Images were taken with a Leica DCF420 (Leica, Germany). For immunofluorescence, primary antibodies were rabbit anti-cleaved caspase 3 antibody (R&D Systems, Sydney, Australia) and guinea pig polyclonal anti-insulin antibody (DAKO) diluted 1:100. Secondary antibodies included anti-rabbit cyanine 3 (Cy3), anti-guinea pig Cy2 (Invitrogen), and DAPI (DAKO). Images were taken with a Zeiss inverted microscope (Zeiss) and Axiovision software.
b-Cell area was calculated using ImageJ (NIH freeware). Freehand circling of insulin-positive cells was performed on every sixth section of each kidney graft from first positive staining through to graft exhaustion to produce a total calculated b-cell area volume. Apoptosis was assessed by measuring cleaved caspase 3-positive and insulin-positive cell area in four sections spaced equally over the graft of 24-h posttransplant kidneys.
CD31 staining was quantified with ImageJ on CD31immunostained sections that were not hematoxylin counterstained. Three widely separated sections per graft were used. For normal histological examination, separate sections were CD31 stained and hematoxylin counterstained.
Fluorescence-Activated Cell Sorting (FACS)
Cell cycle analysis was performed using the fluorescein isothiocyanate (FITC) bromodeoxyuridine (BrdU) flow kit (BD Pharmingen, USA). MIN6 cells or isolated mouse islets were pretreated ±125 µM DFO. Cells were then pulsed with 10 µM BrdU for 50 min, with readdition of DFO to the appropriate wells, at 37°C with 5% CO 2 . Islets were gently dispersed with trypsin. BrdU and 7-aminoactinomycin D (7AAD) staining was performed as per the manufacturer's instructions. Flow cytometric data were acquired using a FACSCanto (BD Biosciences, USA) and analyzed using FlowJo software (Tree Star). MIN6 cells were obtained from Dr. J. Miyazaki, Physiological Chemistry, Osaka University, Osaka, Japan.
Statistical Analysis
For all figures, error bars indicate ±SEM. SPSS14.0 was used to calculate p values, and unless otherwise specified, unpaired two-tailed t tests with unequal variance were used. A value of p < 0.05 was considered significant. Where multiple comparisons were made, Bonferroni correction was used.
RESULTS

b-Cell HIF-1a Is Required for Successful Islet Transplantation
Using the Cre-lox system, with Cre under the control of the rat insulin promoter (RIP-Cre), and mice with floxed HIF-1a (floxed controls), we generated b-cell-specific HIF-1a knockout mice (b-HIF-1a-null) as previously reported (5, 50) . As shown in that report, RIP-Cre alone mice have normal glucose tolerance (5). b-HIF-1a-null mice have normal fasting glucose and mildly increased postchallenge levels on glucose tolerance testing (GTT) (5).
Glucose tolerance tests were carried out on islet donor mice, and islets were isolated from the donors (b-HIF-1anull and floxed controls) at least 24 h later for transplantation into female diabetic C57Bl/6 mice (8-12 weeks of age). As shown in Figure 1B , in separate mice, b-cell area is similar in b-HIF-1a-null and controls, being nonsignificantly higher in b-HIF-1a-null mice. Despite this, recipients of b-HIF-1a-null islets had markedly worse glucose control posttransplantation (Fig. 1C ) compared to recipients of floxed-control islets. Average random-fed glucose was 382 ± 58 mg/dl (21.2 ± 3.2 mmol/L) in b-HIF-1a-null recipients versus 194 ± 19 mg/dl (10.8 ± 1.6 mmol/L) in recipients of floxed-control islets (p < 0.001).
Glucose tolerance tests prior to nephrectomy showed that in floxed-control recipients, glucose tolerance did not differ significantly between the donor mouse and the recipients (Fig. 1D ). As previously reported, b-HIF-1a-null mice had mildly worse glucose tolerance at baseline compared to floxed controls (Fig. 1E, dashed line) . However, in pronounced contrast to floxed-control islet transplant recipients, glucose tolerance in b-HIF-1a-null islet recipients was markedly worse than in their b-HIF-1a-null donors prior to islet isolation (Fig. 1E , solid line) (p < 0.001 vs. their donors). Thus, lack of HIF-1a in b-cells resulted in severe impairment of glucose tolerance posttransplantation.
These results indicated that b-cell HIF-1a was important for successful islet transplantation. We next examined the effect of increasing HIF-1a in human islet transplants using DFO.
DFO Improved Outcomes of Minimal Mass Human Islet Transplantation
Human islets were transplanted into female diabetic immunodeficient (SCID) (8-12 weeks of age) mice using a minimal mass model of 600 islet equivalents (IEQ) or an adequate mass model of 2,000 IEQ. For the minimal mass model, islets were cultured with or without addition of DFO, and the 2,000 IEQ transplants were controlcultured. For each of the three groups (2,000 IEQ, 600 IEQ, and 600 IEQ + DFO), at least one transplant was performed for each of nine human donors to avoid the important issue of interdonor variability.
Recipients of 2,000 IEQ control cultured human islets were cured (defined arbitrarily as glucose <20 mmol/L) in 42% of cases. As expected, minimal mass transplantation performed poorly, with 600 IEQ of control islets curing 0% of mice at 28 days. In contrast, minimal mass transplant of 600 IEQ islets cultured with DFO had a 53% success rate [p < 0.001 vs. minimal mass control (600 IEQ) and p = ns vs. adequate mass 2,000 IEQ transplants] (Fig. 2A) . The random-fed glucose results for the three groups are shown in Figure 2B . Recipients of 600 IEQ + DFO-cultured islets had random-fed glucose levels that were similar to those measured in recipients of 2,000 IEQ transplants. Figure 2C shows the average posttransplant glucose for the successful 600 IEQ + DFO and the successful 2,000 IEQ control transplants. This confirms that glucose levels were similar between recipients of 600 IEQ + DFO transplants and those of 2,000 IEQ transplants (n = 9 donors for minimal mass transplants).
DFO Improved Glycemia in Recipients of Adequate Mass Transplants
In a separate experiment using eight different human donors, we examined the effects of DFO on adequate mass transplants. The transplant groups were 2,000 IEQ control, 2,000 IEQ cultured with DFO, and 2,000 IEQ cultured with DFO where the female SCID recipient mice (8-12 weeks of age) also received DFO injections (DFO + Injections) on the day of transplant and on days 2 and 4 posttransplant.
The cure rate for controls was 61%, which was slightly lower than that for DFO-treated islets, 72% (Fig. 3A) . DFO + Injections cured 94% of mice. In the cured mice, outcomes were better for the DFO and DFO + Injections groups, with more mice having completely normal glucose tolerance [all GTT postload glucose values <145 mg/dl (<8 mmol/L)] and fewer mice having impaired glucose tolerance (IGT) or diabetes (Fig. 3B ). IGT was defined as glucose levels of 145-200 mg/dl (8-11 mmol/L) and diabetes as glucose levels of >200 mg/dl (11 mmol/L). Figure  3C shows that with higher proportions of mice achieving the cutoff for cure based on random-fed glucose and higher proportions of the cured mice having normal glucose tolerance, the overall proportion of recipient mice with normal glucose tolerance was 55% higher in the DFO group (27% vs. 42%) and 85% higher in the DFO + Injections group (27% vs. 50%). Overall, mice receiving DFO-treated islets had a significantly higher rate of normal glucose tolerance after transplant compared to controls (p = 0.023 by chi-square) (n = 8 donors for adequate mass transplants). In Figure 3D , random-fed glucose levels were lower in the successful DFO and DFO + Injections transplant recipients than in the controls. To examine whether the effect of DFO was durable, 18 separate cured DFO-transplant recipients were observed up to 85 ± 3 days. All of these mice remained free of diabetes until nephrectomy.
HIF-1a Is Required for the Beneficial Effect of DFO
Iron chelation is well known to increase HIF-1a; however, DFO has the potential for other effects via removing iron from other molecules. To determine whether the beneficial effect on transplant outcome was mediated by HIF-1a or was HIF-1a independent, we used b-HIF-1a-null and floxed-control donors in a syngeneic mouse transplant model. Since glucose tolerance was normal in the floxed-control islet recipients (Fig. 1D) , and therefore DFO could not improve normal outcomes, we stressed islets from both groups by subjecting them to 5% oxygen exposure for 2 h pretransplantation. When floxed-control islets were treated with DFO during the period of hypoxic exposure, the recipients displayed significantly improved islet transplant outcomes (Fig. 4A) . DFO had no effect in transplants of b-HIF-1a-null islets (Fig. 4B) , demonstrating that b-cell HIF-1a was required for the benefit. A separate experiment was carried out using a new cohort of b-HIF-1a-null donors ± DFO treatment where the islets were not subjected to hypoxia and verified that there was also no benefit of DFO treatment in b-HIF-1a-null islets when they were unstressed (p > 0.3).
Mechanisms of DFO Benefit
DFO Increased ATP Content in Hypoxic Islets and Decreased Apoptosis 24 h Posttransplantation. Given that the treatment was only pretransplantation, or in the first week of transplantation in the case of the DFO + Injections group, the most likely mechanism of improved transplant outcome was decreased short-term apoptosis due to improved energy supply. We examined glucose oxidation in human islets treated with DFO at normoxia and hypoxia. Glucose oxidation was significantly increased at 21% oxygen (93% Minimal mass [600 islet equivalent (IEQ)] transplants of human islets cured 0% of mice by day 28. Adequate mass controls (2,000 IEQ transplants) cured 42% of mice. Transplants of 600 IEQ of DFO-cultured islets from the same donors cured 53% of recipient mice (p < 0.001 vs. 600 IEQ control). (B) The 600 IEQ control transplant recipients had high glucose levels throughout the 28-day period versus the 600 IEQ DFO recipients or 2,000 IEQ controls. The 600 IEQ DFO transplants did not differ significantly from the 2,000 IEQ controls. (C) Average random-fed glucose values posttransplantation for the successful 600 DFO and successful 2,000 IEQ recipient mice. n = 9-12 per group. ***p < 0.001 for 600 IEQ versus 600 IEQ DFO. increase, p = 0.028) ( Fig. 5A) . At 5% oxygen, the increase was more pronounced (132% increase, p = 0.0008) (Fig. 5A) , such that the DFO-treated islets maintained 55% of normoxic control levels of glucose oxidation, whereas control treated islets were able to achieve only 24% of normal levels. We examined ATP content in isolated human islets cultured overnight in media or media supplemented with DFO and then exposed to the oxygen concentration indicated in Figure 5B . DFO did not alter islet ATP concentrations at 21% oxygen, but in human islets exposed to 1% oxygen for 4 h, ATP content was significantly increased by DFO treatment (37% increase, p = 0.0055). In human islets exposed to 1% oxygen for 8 h, a larger proportional increase in ATP was observed (172% increase, p = 0.026). Thus, DFO treatment led to substantially better preservation of ATP status during hypoxia. Lactate concentrations were not altered (Fig. 5C) .
In a separate series of transplants from four human donors, human islets were transplanted into SCID mice in the following treatment groups: 2,000 IEQ control; 2,000 IEQ DFO; or 2,000 IEQ DFO + Injections. Recipient mice were sacrificed at 24 h for graft collection. Apoptosis was assessed in the grafts by measuring the insulin-positive, cleaved caspase 3-positive area. Sample images are shown in Figure 5D (control) and E (DFO). Cleaved caspase 3-positive cells were measured as a proportion of the insulin-positive area, and the quantification is shown in Figure 5F . There was a 30-40% decrease in apoptotic islet area in the DFO and DFO + Injections groups compared to controls at 24 h Figure 3 . DFO improved outcomes of adequate mass human islet transplants. (A) 2,000 IEQ of control cultured islets cured 61% of mice; 2,000 IEQ of DFO-cultured islets cured 72% and mice receiving DFO-cultured islets plus DFO injections (DFO+I) of the cured 94% of mice (p = ns). (B) In the cured mice, there was a trend to fewer mice having impaired glucose tolerance (IGT) or diabetes (DM) in the DFO-treated islets and DFO-treated islets plus DFO injection of recipient mice. (C) Overall, a higher percentage of recipients had normal glucose tolerance (NGT) in the two DFO groups versus controls. (D) Random-fed blood glucose levels in successful transplants were lower in the DFO groups than in the control recipients. n = 8-10 per group. *p < 0.05, **p < 0.01. GTT, glucose tolerance test. posttransplantation (p < 0.05) (n = 4 donors for apoptosis and caspase 3 at 24 h).
DFO Treatment Increased CD31 Staining at 24 h
Donor endothelial survival was assessed by CD31 staining in the same human islet grafts removed at 24 h. In the grafts at 24 h posttransplantation, there was significantly greater preservation of CD31 staining in the two DFO-treated groups than in the control transplants, with a >5-fold increase compared to control-cultured islets, p < 0.05 (n = 4 donors for CD31 at 24 h) ( Fig. 5G) . Images of CD31-stained sections with hematoxylin counterstaining are shown in Figure 5H .
DFO Increased b-Cell Volume 28 Days Posttransplantation
b-Cell graft volume was measured at 28 days posttransplantation using the grafts from the experiment shown in Figure 3 . Consistent with the increased glucose oxidation and ATP and decrease in apoptosis at 24 h, Figure 6A shows that there was a 50-60% increase in total graft b-cell volume at 28 days in DFO-treated islet grafts compared to controls (n = 8 donors for b-cell volume at 28 days). Representative low-power images of grafts for control and DFO are shown in Figure 6B and C. In the 28-day grafts, there was also a significant increase in CD31 staining in the DFO-treated groups (Fig. 6D) , again suggesting better preservation of the original vascular endothelium. The percentage of CD31 staining tended to be greater for each group at 28 days than at 24 h (n = 8 donors for CD31 at 28 days). To test whether DFO increased b-cell proliferation, cell cycle progression was studied. There was a trend toward a small increase in cells in the G 2 /M phase following DFO treatment of MIN6 cells (19.6 ± 0.3% vs. 18.1 ± 0.5%, p = 0.08). In primary mouse islets, DFO had no significant effect (9.3 ± 0.5% vs. 8.9 ± 0.5%).
Gene Expression With HIF-1a Deletion and With DFO
Consistent with the previously reported effects of HIF-1a in other tissues, b-HIF-1a-null islets had altered expression of apoptotic genes. There was increased expres sion of proapoptotic genes Bax and Bak (Fig. 7A) and a trend to decreased expression of the antiapoptotic Bcl-2.
Gene expression analysis of human islets cultured with or without DFO showed increased expression of the glucose uptake genes GLUT1 and GLUT2 and increased expression of the b-cell survival/function factors AKT2 and IRS2 (Fig. 7B) .
To investigate the effect of the immune response on DFO-treated islets and HIF-1a function, isolated mouse islets were cultured with IL-1b. IL-1b is a classic cytokine that is increased in type 1 diabetes and the expression of which is increased in transplanted islets (31). Pdx1 (Fig. 7C ) and the antiapoptotic genes Bcl-xL ( Fig. 7D) and Bcl2 (Fig. 7E) were induced in the control islets, but this induction was impaired in the b-HIF-1a-null islets, and completely blocked for Pdx1. This suggests that HIF-1a may be important for the regulation of b-cell survival if inflammation develops posttransplantation.
We compared the effects of DFO and hypoxia on gene expression in human islets (Fig. 7F) . As shown and consistent with our previous report, DFO increased the expression of Glut1, Glut2, and Pfk. Hypoxia caused significantly greater increases in these genes.
Early Addition of DFO to Human Islet Isolation Procedure
In all of the previous experiments, we tested adding DFO to the culture medium after completion of the isolation procedures. We then examined whether adding DFO immediately after the enzymatic digestion step would improve yield of viable islets. Forty-eight isolations Islets for both groups were exposed to 5% oxygen for 2 h with or without DFO treatment prior to transplantation. (A) Floxedcontrol recipients had improved glucose values after transplantation when islets were cultured with DFO. (B) No improvement was seen for b-HIF-1a-null transplants when the islets were cultured with DFO. n = 4-6 per group. **p < 0.01 versus control-cultured islets. without DFO were compared to 21 isolations with addition of DFO. The DFO isolation donors were nonsignificantly older and lighter. Both of those factors usually associate with lower yield. Despite this, islet yield was significantly greater in the DFO isolations at 4,313 ± 414 IEQ/g pancreas versus 2,438 ± 262 IEQ/g pancreas in control preparations, p = 0.0003. Viability was nonsignificantly higher in the DFO-treated group at 77 ± 2% versus 73 ± 2%.
DISCUSSION
At present, the only cures for people with type 1 diabetes are either whole-pancreas or islet cell transplantation. A normal pancreas is estimated to contain ~1 million islets (13, 21, 39) . From a good islet isolation procedure, 500,000 islets may be purified. Many of these die before transplantation (20), and it is thought that 30-70% of transplanted islets die within 1 week (47, 51) . If starting with 1 million islets, this would leave an estimated 150,000-250,000 islets or 15-25% of the original number. In normal glucose tolerant individuals, >50% pancreatectomy frequently induces glucose intolerance or diabetes even in the relatively short term, with rates differing between studies: 27-41% (18), 86% (29), and 43% (25). Clearly, the smaller the surviving b-cell mass, the lower the likelihood of successful longterm outcomes, and this undoubtedly contributes to the gradual return to insulin therapy for many of the patients. This is likely to be exacerbated in the longer term by other factors including recurrent autoimmunity, but if insufficient islets are present at baseline, then eventual failure is more likely. Thus, there is an urgent need to improve b-cell survival in the peritransplant period so that long-term function can be improved.
Hypoxia is an inevitable result of devascularization followed by transplantation of islets. The HIF-1 transcription factor coordinates the cellular response to hypoxia. It is induced by stressors including hypoxia, cytokines, and reactive oxygen species. In these studies, we demonstrate that HIF-1a potentiates successful transplant outcome. It is likely that in the previous reports, where increased HIF-1a correlated with poor transplant outcomes, HIF-1a was induced by antecedent islet stress (27, 30, 32) . This stress would be deleterious, and HIF-1a induction was a marker of that stress. The poor transplant outcomes for islets lacking b-cell HIF-1a demonstrated that the effect of HIF-1a is in fact a protective factor. The beneficial effects of DFO required the presence of HIF-1a in b-cells.
Short-term islet cell death after transplantation is predominantly due to apoptosis or necrosis. DFO increased glucose oxidation in islets at normoxia and in islets exposed to hypoxia and was associated with pronounced increase in ATP content. There was decreased apoptosis at 24 h posttransplantation and increased endothelial preservation in human islets at 24 h. At 28 days after transplantation, there was increased b-cell mass. Thus, the mechanism of improved glucose control following short-term treatment with DFO is decreased short-term b-cell loss, leading to greater b-cell mass and function at 28 days. DFO treatment pretransplantation increased mRNA expression and protein translation of protective factors prior to the insult at transplantation, providing improved energy supply following exposure to hypoxia.
In parallel, there was a >5-fold increase in islet endothelial staining at 24 h, with a significant increase persisting at 28 days. Whether loss of CD31 staining showed an increased expression of the proapoptotic genes BCL-2 associated X protein (Bax) and BCL2-antagonist/killer 1 (Bak) and a trend to decreased expression of the antiapoptotic gene B-cell lymphoma 2 (Bcl-2) compared to controls (gray bars) (n = 6 per group). (B) Increased expression of glucose uptake genes, glucose transporter 1 (GLUT1) and GLUT2, and b-cell survival and function factors, v-akt murine thymoma viral oncogene homolog 2 (AKT2) and insulin receptor substrate 2 (IRS2), was present in human islets cultured with DFO (black bars) compared to control cultured islets (white bars). b-Cell survival genes (n = 6 per group) were induced by low-dose IL-1b, but the induction was impaired or absent in b-HIF-1a islets for (C) pancreatic and duodenal homeobox 1 (Pdx1), (D) B-cell lymphoma-extra large (Bcl-xl), and (E) Bcl2. (F) DFO and hypoxia both increased mRNA expression in human islets. *p < 0.05; **p < 0.01; ***p < 0.001. at 24 h is due to apoptosis or dedifferentiation, or their combination is unclear (1, 38) . There was a tendency to greater CD31 staining as a proportion of graft area in all groups at 28 days compared to 24 h, but the substantial difference persisted in the DFO-treated versus control transplants, suggesting that the initial peritransplant period is the most important determinant of native endothelial survival in transplants. Increased survival of donor endothelium would potentially improve revascularization. In addition, islet endothelium is highly specialized with increased density and fenestrations, which facilitates delivery of nutrients to islets and of insulin and other hormones to the circulation (1,17). Transgenic VEGF overexpression and deletion or knockdown of thrombospondin-1 both enhance islet vascularization (33,37), and rapamycin is known to inhibit revascularization (4). DFO is a simple drug treatment that increased islet transplant endothelial survival.
Lack of HIF-1a increased proapoptotic gene expression and decreased antiapoptotic genes in islets. Opposing gene expression changes with DFO are likely to have contributed to decreased apoptosis at 24 h, in combination with improved energy supply (ATP). Interestingly, HIF-1a was also needed for normal induction of antiapoptotic genes in the setting of exposure to interleukin-1b. The results are consistent with reports that DFO treatment improved outcomes for transplants into nonobese diabetic (NOD) mice and for allogeneic grafts (2,35) without appearing to alter immunological attack. These results provide a potential mechanism for those benefits.
In summary, HIF-1a is a protective factor in islet transplantation: it is required for successful islet transplant outcomes. Increasing HIF-1a in a nontoxic manner using DFO improved outcomes for human islets transplanted into SCID mice. If the 50-60% increase in b-cell mass at 28 days translates into the human clinical situation, DFO may improve the proportion of patients who are able to be cured with single-donor transplants and the number of patients who are able to remain insulin-free posttransplantation. Since DFO is approved for human use and the doses used in our studies were in the range of the human therapeutic concentrations, DFO could be considered for use in human islet transplantation protocols.
